We directly trace the near-and midinfrared transmission change of a VO 2 thin film during an ultrafast insulatorto-metal transition triggered by high-field multiterahertz transients. Nonthermal switching into a metastable metallic state is governed solely by the amplitude of the applied terahertz field. In contrast to resonant excitation below the threshold fluence, no signatures of excitonic self-trapping are observed. Our findings are consistent with the generation of spatially separated charge pairs and a cooperative transition into a delocalized metallic state by THz field-induced tunneling. The tunneling process is a condensed-matter analog of the Schwinger effect in nonlinear quantum electrodynamics. We find good agreement with the pair production formula by replacing the Compton wavelength with an electronic correlation length of 2.1Å.
I. INTRODUCTION
Ultrafast electron dynamics in condensed phases is an ideal test bed for studying universal quantum nonequilibrium processes using pump-probe spectroscopy. Recent examples include the observation of the Anderson-Higgs amplitude mode in a conventional superconductor [1, 2] , where concepts common to condensed-matter and high-energy physics were examined. The Schwinger effect [3, 4] also has roots in both fields. In quantum electrodynamics (QED), the Dirac sea is known to be unstable in strong electric fields since electron-positron dipole pairs that exist as virtual quantum fluctuations can gain energy from the field and turn into real excitations. This process, formally equivalent to Zener breakdown in semiconductors [5] , has seen renewed attention due to its possible realization in graphene [6, 7] .
There is much interest in many-body generalizations of the Schwinger effect in systems that undergo metal-insulator transitions due to strong Coulomb interactions. In condensed matter, dielectric breakdown in strongly correlated electron systems has been studied theoretically [8] [9] [10] [11] . A doublon (doubly occupied lattice site)-holon (empty site) pair is created when the field exceeds the threshold [11] E th = 2eξ ,
called the Schwinger limit, where is the charge gap, e the unit charge, and ξ the correlation length [12, 13] . The latter parameter corresponds to the typical spatial extent of doublon-holon pairs and plays a role similar to the coherence length in superconductors. In fact, one can use Eq. (1) to estimate the correlation length by dielectric breakdown experiments [14] . In high-energy physics, the Schwinger effect is relevant to quark-gluon plasma formation in heavyion collisions [15] , quark-antiquark pair production [16, 17] , and subsequent deconfinement, which corresponds to an insulator-to-metal transition (IMT) studied using string theory techniques [18] . This progress motivates direct experiments on the many-body Schwinger effect. Studies carried out in a strongly correlated condensed-matter system thus enrich our general understanding of nonequilibrium quantum physics.
Vanadium dioxide (VO 2 ) is a prime example of a strongly correlated material with an insulator-to-metal transition (IMT) at T c = 340 K accompanied by a structural transformation from a monoclinic into a rutile crystal structure by dimerization of the vanadium sublattice [19] . Although quasistatic electric fields can induce an IMT in VO 2 in certain cases, the Schwinger effect is dominated by other physical mechanisms. Studies of the voltage-controlled IMT in thin films show that even high dc fields require Joule heating to complete the transition [20] . A recent report of ionic-liquid gating of the IMT by electrostatic fields [21] appears to result from the creation of oxygen vacancies [22] as previously observed in nanoparticles [23] . Thus, a transient electric bias provided by ultrashort terahertz (THz) pulses paves the way towards the observation of true many-body tunneling in correlated systems.
A first demonstration of field-induced metallization of VO 2 inside a metamaterial structure was reported recently using picosecond THz wave forms with local fields exceeding 1 MV/cm [24] . The observed IMT timescale of 8 ps was interpreted as field-induced enhancement of carrier density (Poole-Frenkel effect) succeeded almost immediately by Joule heating due to electron-lattice coupling, which then stabilizes the metallic phase. However, a truly nonthermal field-driven IMT in VO 2 should occur on much faster time scales.
Here we demonstrate efficient induction of the IMT in a VO 2 thin film by nonresonant excitation with high-field multi-THz transients with amplitudes as high as 15 MV/cm, on a time scale below 100 fs. Ultrafast switching into a metastable metallic state unequivocally indicates a nonthermal tunneling mechanism. The concentration of the metallic phase in the film depends solely on the peak electric field of the multi-THz pulses and increases rapidly above about 8 MV /em. Remarkably, in contrast to resonant excitation with near-infrared (NIR) laser pulses, long-lived metallic domains are generated even by THz transients with peak fields well below this value. Our observation is consistent with the generation of nonlocal doublon-holon pairs via field-induced tunneling that efficiently prevents excitonic self-trapping.
EXPERIMENT
The studied sample is a 200-nm-thin film of polycrystalline vo2 grown on a diamond substrate by pulsed laser deposition [25] . Figure l(a) shows the temperature dependence of the normalized near-infrared transmittance through a 200-nmthick vo2 film which exhibits a pronounced hysteresis. The IMT occurs at 337 ±0.5 K (64 °C) upon heating and at 330 ± 0.5 K (57°C) on cooling down. The narrow hysteresis width (7 K) attests to the high quality of the thin-film sample. AU measurements presented in this paper were acquired at room temperature (294 K). High-field multi-THz transients at a repetition rate of 1 kHz are generated using difference-frequency mixing in a GaSe emitter [26, 27] . Real-time field profiles of these phase-stable pulses are detected by electro-optic sampling. Figures 2(a) and 2(b) show typical wave forms and amplitude spectra of the multi-THz pump pulses, respectively. The pulse duration and spectral bandwidth depend on the thickness of the GaSe emitter [26] . Typical transients used in our experiments comprise only a few electromagnetic cycles oscillating at center frequencies around 20 THz. Owing to short pulse durations and strong focusing by an off-axis parabolic mirror (focal length of 25 mm), we generate peak electric fields up to 15 MV /em inside the V02 film. The time-resolved changes in the V02 are monitored using (i) broadband near-infrared (NIR) pulses of 8 fs duration centered at 1.2 J.Lm and (ii) broadband multi-THz transients with 100 fs duration (full width at half maximum (FWHM)] at 25 THz. More details about the experimental setups are given in the Supplemental Material [25] . 
ill. RESULTS AND DISCUSSION
A. THz puntp-NIR probe measurements
The differential NIR transmission D.T / T induced by an excitation transient with a peak electric field of 6.1 MV /em is depicted in Fig. 2(c) . The differential transmission exhibits a steplike decrease on a time scale of 100 fs, close to the duration of the excitation pulse. The rapid switching highlights the nonthermal character of the THz-driven change in the V~ dielectric function; the transmission is suppressed for many picoseconds after THz excitation (see also Ref. [25] ).
Another prominent aspect of the THz pump-NIR probe response is the oscillatory feature arising immediately after excitation. When the nonoscillating part of the pump-probe signal shown in Fig. 2(c) is subtracted, the remaining component depicted in Fig. 2(d) fits a single-frequency damped harmonic oscillation. The center frequency of 5.9 THz coincides with the coherent lattice motion in vo2 observed in previous NIR pump-THz probe experiments [28, 29] .
We emphasize that the symmetry of the monoclinic phase should lead to two distinct tilting modes of the vanadium dimers. Indeed, the spontaneous Raman spectra of our sample shown in the inset of . The black solid line shows the transient change of muJti-THz conductivity in arbitrary units after excitation with a 12-fs pulse at a wavelength of800 nm and tluence of3 mJjcm 2 taken from Ref. [28] . (c) fiT / T immediately after excitation as a function of the peak driving field for broadband (red circles) and narrowband (blue squares) pump transients. Inset: same data as a function of incident excitation tluence F. (d) Absolute change in the real part of optical conductivity fiu, at I-ps pump-probe delay time measured by two-dimensional multi-THz spectroscopy for various driving peak fields (green triangles). The solid line shows a best fit to the data based on Eq. (2). [30] , this observation provides evidence for changes of lattice symmetry caused by bond breaking of the V-V dimers in V(h induced by the strong THz field.
To elucidate the mechanism of the THz-driven IMT we systematically vary the peak electric field of the pump pulses between 3 and 15 MV fern. Figures 3(a) and 3(b) show the time evolution of the differential transmission following excitation by broadband and narrowband multi-THz transients of differing field strengths. In both cases the absolute value I~T /TI changes by almost two orders of magnitude while the electric field varies only by a factor of 5. As expected for excitation far from resonance, the differential transmission shows a highly nonlinear dependence on the applied THz field, although the ultrafast dynamics is qualitatively similar for broadband and narrowband multi-THz excitations. Clearly, the longer duration of the narrowband transient results in a slower onset time of 190 fs while the smaller bandwidth (4.5 THz vs 7.7 THz) precludes impulsive excitation of the coherent oscillation at 5.9 THz.
Most importantly, we observe an appreciable difference in signal amplitude depending on the multi-THz pump fluence. Figure 3 (c) and its inset depict the amplitude of the steplike decrease of ~ T f T as a function of peak electric field and excitation fluence, respectively. The shorter, broadband multi-THz transients excite V02 more efficiently than longer narrowband pulses with the same fluence. However, when the same data are plotted as functions of the peak electric field, the two graphs almost coincide [ Fig. 3(c) ]. This indicates that the volume fraction undergoing excitation-induced switching is controlled by the electric field of the multi-THz transients and not by the flux of incident THz photons.
The subcycle time resolution of our experiment reveals another fundamental difference between NIR and multiTHz pumping. For resonant interband excitation at 800 nm, fast subpicosecond relaxation towards an insulating state is observed below the threshold fluence for the rutile metallic phase [black graphs in Figs. 3(a) and 3(b) ] [28] [29] [30] [31] . This behavior is completely absent for any field strength of multiTHz excitation indicating a qualitatively different microscopic mechanism for the nonresonant photoinduced IMT.
B. E.xcluding the effect of p honon pumping
In order to check the influence of possible resonant excitation of high-frequency optical phonon modes in V(h we vary the carrier frequency of the multi-THz transients. The absorption coefficient of our V02 film measured by a Fourier-transform spectrometer [ Fig. 4(a) ] is dominated by two contributions: (i) infrared-active phonon modes between energies of 34 and 77 me V [32] ; (ii) interband absorption for photon energies above the band gap of 0.6 eV [33] . This IR absorption spectrum is very similar to that of a bulk V(h single crystal [33] demonstrating the high quality of the studied thin film. In particular, our sample does not show a pronounced additional absorption feature above the phonon resonances which has been found in thin films used for a previous study on excitation of vo2 with intense midinfrared pulses [34] .
Typical spectra of the multi-THz transients applied for excitation in our experiments are depicted in Fig. 4(b) . We tune from strong overlap with the highest oxygen vibrational mode at 18.8 THz all the way to a center frequency of 30 THz, which is completely nonresonant. The observed pump-probe response is independent of the central frequency of the multi-THz transients with nominally identical peak electric fields [see Fig. 4(c) ]. Broadband excitation centered at 20 THz (red) only results in a faster onset time because the pulse duration is shorter as compared to the narrowband pump pulse centered at 30 THz (blue), but the following dynamics of the induced transmission change is completely identical even for those two limiting cases, thus demonstrating the onset of the metastable metallic phase. The linear absorption due to optical phonons differs by at least one order of magnitude for frequencies of 20 and 30 THz, respectively. In contrast, the level of relative transmission change after the excitation is completed shows a variation of less than 20% which is less than the relative error for the determination of the internal peak electric fields at different center frequencies. Thus, we conclude that the resonant infrared excitation of the polar lattice vibration plays a negligible role in the field-induced IMT in V02.
C. THz pump-THz probe m easurements
In order to investigate the origin of the differences between N1R and THz pumping discussed in Sec. IT A, we perform a THz pumJr THz probe experiment. Although the N1R probe pulses used in our experiment are sensitive to the IMT in vo2. they cannot unambiguously confirm the metallic character of the excited state: the photon energy of 1 e V mainly traces changes in the density of states well above the insulating energy gap [35] . Therefore, we employ multi-THz transients centered at 25 THz (photon energy of I 00 me V) to probe conductivity changes far below the gap energy while retaining subcycle temporal resolution. The strong suppression of optical transmission at these probe energies clearly marks the closure of the energy gap and the onset of the Drude-like response of mobile electrons in metallic V02 [28, 32, 33] . At a pump-probe delay of tv = I ps, we measure the pump-induced changes in the complex transmission coefficient to evaluate directly the changes in the complex optical conductivity t.a(w) around 25 THz [25] . The low photon energy of the multi-THz transients keeps electrons from directly crossing the band gap. Instead, the high electric field tilts the potential, enabling the generation of spatially separated doublon-holon pairs by interband tunneling (orange dashed arrow). This process leads to charged V-V dimers and a suppression of excitonic self-trapping. excitation peak fields below approximately 8 MV /em and starts to grow rapidly for higher applied fields. This behavior is more pronounced than the response in the N1R range [ Fig. 3(c) ], since the THz probe is much more sensitive to metallization of V02 [28, 36] . The existence of an excitation threshold provides decisive evidence that the IMT in V02 is induced by high-field THz transients. At the highest internal field of 15 MV /em the real part t-at exceeds 300 n-t cm-t, almost double the conductivity change reported under N1R pumping [28] . This fact highlights the remarkably high efficiency of switching the IMT off resonance with few-cycle multi-THz pulses.
We do not observe fast recovery of an insulating character under any multi-THz field amplitude that yields measurable signals, in contrast to the behavior for resonant N1R excitation below threshold. Therefore, we now consider the microscopic model that has been introduced to capture the main features of the ultrafast IMT following N1R pumping [28, 29, 37] .
To a first approximation, insulating V02 may be regarded as a set of weakly coupled V-V dimers embedded in a matrix of oxygen octahedra (Fig. 5) . The valence and conduction band states are approximately described by bonding and antibonding superpositions of the 3d orbitals of vanadium ions. Resonant NIR excitation promotes electrons into the n • state, leaving holes in the valence band and creating doublonholon pairs localized around vanadium dimers, as shown schematically in Fig. 5(a) . Strong doublon-holon attraction leads to exciton formation, while structural deformation of the lattice quenches the mobility of the charge carriers due to exciton self-trapping [38] , a process also known in linear chain organic complexes [39] . This results in fast decay of metallic conductivity, as evidenced by the lowest graph (black) in Fig. 3(a) [28] [29] [30] [31] . Cooperative switching into the metastable metallic phase becomes possible only above a critical density of excited dimers [28, 29, 37, 40] . Under N1R pumping at a photon energy of ω NIR = 1.5 eV, it is necessary to exceed a temperature-dependent threshold fluence in the order of 5 mJ/cm 2 to generate metastable metallic conductivity. In stark contrast, off-resonance multi-THz pumping at a photon energy of ω NIR = 0.1 eV creates the long-lived metallic state even for an incident fluence of 1.6 mJ/cm 2 [lowest red graph in Fig. 3(a) ]. The corresponding energy absorbed in the sample is far below what is necessary to heat a VO 2 film above T c [29] , further supporting the qualitatively different character of this nonthermally induced metallization.
Since resonant absorption of multi-THz radiation is forbidden by the large energy gap, the field dependence already suggests that charge carriers are generated by tunneling as sketched in Fig. 5(b) . The reason for the surprising contrast to resonant interband excitation in the near infrared is then explained by the inherent spatial separation of charge carriers produced via the tunneling mechanism: Holons and doublons that emerge in the π and π * bands, respectively, must reside on different V-V dimers. Under such conditions, much weaker Coulomb attraction cannot stabilize a strongly bound excitonic state. Consequently, tunneling excitation is efficient because it bypasses exciton self-trapping and quenching of conductivity in VO 2 that occur after resonant NIR excitation at low fluence.
This conclusion is further supported by the theoretical prediction that the charge carriers induced by the Schwinger effect are energetic and almost uniformly distributed in the upper Hubbard band [11, 41] . Moreover, the strong electric field of the multi-THz transients leads to additional separation of charge carriers. For weak THz fields, a potential difference comparable to the energy gap is reached on length scales that can exceed the distance between neighboring vanadium dimers. Therefore, the probability of exciton self-trapping is reduced but the number of free charge carriers decreases drastically. This is consistent with the experimental observation of long-lived conductivity excited by moderate fields.
Based on the measurement of the threshold field, we can now estimate the pair correlation length in the dielectric ground state of VO 2 . The numerical simulations can be reproduced rather well by an analytic expression for field-dependent conductivity [10, 42] ,
where E th is the threshold field and σ ∞ is the maximal conductivity achieved in saturation. Indeed, Fig. 3(d) shows that Eq. (2) tracks the experimental data remarkably well with E th = 14.2 MV/cm and σ ∞ = 6084 −1 cm −1 . This result is surprising given the complexity of correlation effects in VO 2 that go far beyond the Hubbard model [8] [9] [10] 42] . After structural deformation, the optical gap of VO 2 is = 0.6 eV [33] . Using Eq. (1), we find a correlation length of ξ = 2.1Å, which agrees well with an estimate made by Pergament [13] , although a more elaborate many-body calculation is needed to substantiate this finding.
Furthermore, we can estimate a many-body analog of Keldysh's adiabaticity parameter using the following expression [11] :
where is the frequency of this driving multi-THz field. For typical central frequencies of = 22 THz and an intermediate electrical field E = 10 MV/cm used in our experiments, we obtain γ = 0.43 indicating that excitation occurs in the quantum tunneling regime (γ <1), further supporting our interpretation. It is interesting to note that for increasing frequencies and lower electric fields it would be possible to study the Keldysh crossover (γ ≈ 1) between the tunneling and multiphoton excitation regimes in Mott insulators [11] .
Until now, such experiments have been performed only in conventional semiconductors [43, 44] .
IV. SUMMARY
We have demonstrated an ultrafast insulator-to-metal transition in VO 2 induced by high-field multi-THz transients. The nonthermal character of the switching mechanism is confirmed by a fast onset time below 100 fs and the observation of a coherent lattice oscillation accompanying the IMT. Regardless of the excitation amplitude, the delocalized charge carriers remain mobile for hundreds of picoseconds indicating a suppression of excitonic self-trapping due to the spatial separation of doublon and holon intrinsic to the tunneling mechanism. The density of the field-induced metallic phase is well described by theoretical models based on nonadiabatic tunneling and the Schwinger effect. The proposed microscopic mechanism of the phase transition driven by intense THz fields may also be highly relevant for efficient control of the electron delocalization in a broad class of strongly correlated transition metal oxides. Finally, we show that measuring the threshold field for tunneling breakdown gives access to the pair correlation length, a key parameter characterizing dielectric systems with electronic energy gaps due to many-body effects.
